Abstract Evaporation erosion of the contacts is one of the fundamental failure mechanisms for relays. In this paper, the evaporation erosion characteristics are investigated for the copper contact pair breaking a resistive direct current (dc) 30 V/10 A circuit in the air. Molten pool simulation of the contacts is coupled with the gas dynamics to calculate the evaporation rate. A simplified arc model is constructed to obtain the contact voltage and current variations with time for the prediction of the current density and the heat flux distributions flowing from the arc into the contacts. The evaporation rate and mass variations with time during the breaking process are presented. Experiments are carried out to verify the simulation results.
Introduction
The arc erodes the contacts, causing the degradation of the switching ability and further failure of normal function. Experiment results show that the contact failure is mainly caused by evaporation erosion under low current and small power applications [1] . For switching contacts working in small current circuits, the contact erosion characteristics are closely related with the evaporation process. The evaporation rate is a key parameter to describe the evaporation erosion. Traditionally, the evaporation rate is calculated according to the evaporation heat flux loss based on the energy balance on the arc-contact interface [2−6] . This method evaluates the net heat flux from the arc into the contact through the heat conduction equation without consideration of the molten pool in the contact. Nowadays, the most widely used method for the evaluation of the evaporation rate is based on the combination of the Langmuir equation and the molten pool simulation [7−9] . The boundary conditions of the arccontact interface of the molten pool model can be calculated in theoretical methods [10−12] . This method is suitable for low pressure conditions on the arc-contact interface where significant condensation of the evaporated metal vapor does not happen. Another method is based on the gas dynamics of the Knudsen layer above the contact and molten pool simulation. This method is more accurate for high pressure conditions, normally above 1 atm [13−15] . In relays, the contact materials are mainly copper-based or silver-based and the arc burns in atmospheric pressure. As the heat flux from the arc to the contact is extremely high, a significant amount of metal vapor condensation can take place. As a result, the pressure of the vapor above the contact surface is higher than the pressure of the arc column. Therefore, despite the complexity of the gas dynamics method, it is more suitable than the Langmuir equation method.
For relays used in dc circuits, the arc is extinguished by increasing the gap between the contacts. The arc and contact erosion characteristics vary with the time during the breaking process. Previously, theoretical studies for the arc and contact erosion characteristics were undertaken for the breaking process of circuit breakers [16−18] . No investigation is conducted for the breaking process of relays.
In this paper, the evaporation erosion characteristics during the contact breaking process in a resistive dc 30 V/10 A circuit are studied. A simplified arc model is constructed to predict the contact voltage and current during the contact breaking process. The heat transfer and fluid flow in the molten pool of the contact is simulated coupling with the arc model to achieve the temperature distribution on the arc-contact surface. The molten pool model and the evaporation model based on gas dynamics are combined to calculate the evaporation rate. The evaporation rate and mass variations with time are obtained based on the above models.
Simplified arc model for the breaking process
The schematic diagram for the dc circuit is shown in Fig. 1 . The supply voltage is 30 V, and the resistor value is 3 Ω. As the arc on break corresponds to a complex physical process, it is necessary to set up a simplified arc model to predict the voltage-current variations with time between the contact pair, which can be used to decide the current density and heat flux distributions on the arc-contact interface. The sketch for the simplified arc model is shown in Fig. 2 . Near-electrode regions (near-cathode region and near-anode region) are not included in the model. Assume that the arc is in a cylinder shape, and the temperature T arc and the electrical field strength E arc in the arc column are uniform. In low current conditions (1-30 A), the controlling process is a natural convection [19] . Heat loss due to radiation is neglected in this paper. The following equations are satisfied according to the energy conservation of the arc column [20] :
Here, p j is the Joule heat of the arc column; p s is the heat conducted to the contacts; p a is the heat conducted to the surrounding environment; r arc and l are the radius and length of the arc column, respectively; α a and α s are the heat transfer coefficients from the arc to the surrounding environment and the contacts, respectively, the values of which can be acquired through experiments [20] ; T 0 is the temperature of the ambient environment 300 K; and σ arc is the electrical conductivity of the arc. During the breaking process, the arc current varies with time, which causes the arc column radius to change with time. The arc column radius can be obtained through the current conservation rule. Assume that the current density in the arc column is in even distribution. For a free burning arc of low current, the current density is almost independent of the current [21] . The mean current density is set as 1 × 10 8 A/m 2 [19, 22] . With the values of the mean current density and the arc current, the value of r arc can be calculated.
From Eq. (1)-Eq. (4), the relationship between the electrical field strength and the temperature of the arc can be expressed as follows:
According to the Steenbeck principle of the minimum of the arc voltage, the arc voltage gradient is set at a value where the change of the arc voltage gradient with the temperature is a minimum, which can be expressed as follows [23] :
The arc temperature can be calculated based on the electrical conductivity data [3] as a function of the arc temperature. Then the electrical field strength can be obtained from the arc column length, which is dependent on the velocity of the movable contact during the breaking process.
The arc ignition voltage is taken as the sum of the anode potential and the cathode potential U c−a , which is assumed to remain constant during the arcing process [20] . The contact voltage can be expressed as follows:
The contact current I c is calculated combined with the circuit equation. The contact voltage increases and the current decreases with time when the contacts are on break. After the arc starts, certain conditions are required to sustain the arc, such as the minimum arc current and voltage. When these conditions are not satisfied, the arc extinguishes in quite a short period. In this paper, the arc extinction process is ignored and it is assumed that the arc dies out as soon as the arc sustaining conditions are not satisfied. The arc sustaining mechanism is a complex problem, and no common view is reached till now. In this paper, the arc sustaining criterion is judged through the highest temperature of the cathode surface. According to the cathode spot mechanism, once the arc is established, it requires a continuous supply of electrons from the cathode to sustain it. The cathode temperature reflects the electron emission ability. Copper is a kind of cold cathode material. According to T-F theory, the highest temperature on the copper cathode surface remains higher than the boiling point during the arcing process. The decrement of the cathode temperature means that the electron emission ability reduces. When the highest temperature of the cathode surface is below the boiling point, the cathode electron emission ability is so weak that the arc can no longer be sustained, and the arc current decreases to zero in no time.
Model for the evaporation rate
The evaporation rate C (kg/s) for a single contact can be calculated as follows:
Here, J ev (kg/(m 2 s)) represents the evaporation flux. In this section, the relationship between the evaporation flux and the contact surface temperature under the arc is achieved based on the gas dynamics.
The physical structure for the evaporation model based on the gas dynamics is shown in Fig. 3 . There are four regions above the contact molten surface: the Knudsen layer, the metal vapor region, the disturbed arc region and the undisturbed arc region [14] . The Knudsen layer corresponds to the phase interface between the melt and the vapor. As the contact material vaporizes from the molten pool surface, the vapor flow pushes back the arc, and a contact-discontinuity interface is formed. When the metal vapor flows from the metal vapor region to the arc region, disturbances cause the formation of the disturbed arc region. On the interfaces which separate the regions, a series of equations are satisfied [13, 24] . The relationship between the flux and the contact surface temperature can be obtained through solutions of these equations.
Some assumptions are made as follows: (1) the vapor in the Knudsen layer behaves as a subsonic, inviscid, compressible flow of an ideal gas without heat sources; (2) each region has a distinct boundary without mixing; and (3) ionization of the metal vapor is ignored and there is no interaction between the vapor and the arc.
As shown in Fig. 3 , a one-dimensional model can be constructed with three parameters for each flow region to be determined, the density, the pressure and the temperature. The pressure at the surface of the molten pool p l is related with the surface temperature T l by the ClausiusClapeyron equation:
Here, L v is the evaporation latent heat of the contact material, p g is the equilibrium vapor pressure, T lv is the corresponding temperature of p g , M v is the molecular weight of the metal vapor, and R is the gas constant.
The interface between the Knudsen layer and the metal vapor region is a density-discontinuity layer. The parameters across the interface can be related as follows:
Here ρ l , and T l are the density and temperature on the melt surface, respectively; ρ v and T v are the density and temperature on the boundary between the Knudsen layer and the vapor region, respectively; γ v is the ratio of specific heat for the metal vapor; and m is an intermediate variable. It can be related with the Mach number M of the vapor as follows:
On the interface between the metal vapor region and the undisturbed arc region, the pressure remains the same.
The ratio of the pressure across the interface between the disturbed arc region and the undisturbed arc region can be related with the gas velocity according to Rankine-Hugoniot equations as follows:
Here, p 2 is the pressure on the boundary between the metal vapor region and the disturbed arc region, M g is the molecular weight of the arcing gas, γ g is the ratio of specific heat for the gas, and T g is the metal vapor temperature in the undisturbed arc region.
The evaporation flux J ev can be expressed as follows:
Here, c v is the speed of sound at the temperature T v . The evaporation flux can be obtained by solving Eq. (9) to Eq. (14) with the molten pool surface temperature T l , the vapor pressure p g and the vapor temperature T g as input parameters. The pressure p g is assumed to be constant, 1 atm. The temperature T g is achieved from the simplified arc model introduced in section 2. The arc column is assumed to be in LTE status, and the metal vapor temperature T g is equal with the arc temperature T arc . Under the above conditions, the relationship between the evaporation flux and the molten pool surface temperature is shown in Fig. 4 . 
Model for the contact molten pool
According to Eq. (8) and Fig. 4 in the above section, the evaporation rate is related with the temperature distribution of the arc-contact interface. In this section, the molten pool model is set up based on the magneto-hydrodynamic (MHD) method to get the temperature distribution of the arc-contact interface. The physical structure of the contact for the molten pool simulation is shown in Fig. 5 . The contact material is pure copper. The shape of the calculation region is cylindrical. The diameter and length are 200 µm and 100 µm, respectively, as only a small area of the contact is covered by the arc spot according to previous experiment results [25, 26] . The equations to be solved include Navier-Stokes equations for the fluid field, an energy conservation equation for the thermal field, and Maxwell equations for the electromagnetic field. They can be written in a general form as follows:
Here, Φ is the field scalar, Γ Φ represents the diffusion coefficient corresponding to contact material properties, and S Φ is the source term. The detailed meanings of the coefficients and terms are listed in Table 1 , where all notations have their conventional meanings. 
The boundary conditions are set as follows. The velocity in each direction is set to be zero for the bottom and lateral surfaces in Fig. 5 . On the top surface, the contact under the arc is melted. In the direction parallel to the contact surface, the Marangoni effect is considered, which acts as a surface force due to the gradient in the surface tension coefficient at the surface of the contact [27] . Considering the Marangoni force, the boundary conditions in x and y directions, as shown in Fig. 5 , can be expressed as:
Here, γ is the surface tension. The velocity in the z direction on the top surface is set to be zero. Thermal boundary condition on the bottom is set as a constant temperature, 300 K. The heat flux from the lateral surface to the surrounding environment is calculated through a one-dimension heat conduction equation [3] . The heat flux from the arc to the top surface is decided as follows. Even the distribution in a round area is assumed for the input heat flux on the top surface. The radius is set as the arc spot radius, r spot . The heat power from the arc to the contact consists of two parts: power from the near-electrode region and power from the arc column. Assume that the heat power is distributed evenly to the cathode and the anode. The input heat flux for a single contact can be expressed as follows:
The potential on the bottom surface is set to be zero. There is no current through the lateral surface, and the flux density of the potential is zero. On the top surface, the direction of the current is assumed to be vertical to the surface. The current density is evenly distributed in a round area. The current density in the arc spot covers a wide range from 1 × 10 9 A/m 2 to 1×10 12 A/m 2 [25, 26, 28] . In this study, the mean current densities of the cathode are set as 1 × 10 10 A/m 2 [29, 30] . The current on the anode surface is mainly carried by electrons. The current density on the anode surface can be considered to be the same as the current density carried by electrons on the cathode surface [31] . According to experiment results for copper contacts in atmospheric pressure, when the current is between 10 A and 20000 A, the ratio of the electron current density to the total current density on the cathode surface is 0.77 without consideration of the electron current caused by field emission [32] . According to the theoretical result, when the current is between 5 A and 10 A, the ratio covers the range from 0.5 to 1. Moreover, with the increment of the current, the ratio gradually approaches to 1 [33] . Based on the above, combing with our arc current condition, the ratio is set as 0.9, meaning that the mean current density of the anode is 9 × 10 9 A/m 2 . The arc spot radius is obtained through the current conservation rule. The boundary conditions of the magnetic field on each surface are applied as follows:
Transient simulations are accomplished with the software FLUENT. The evaporation characteristics are analyzed for a copper contact pair breaking a dc 30 V/10 A resistive circuit. The time step is set as 1 × 10 −6 s. The flow chart for the analysis is shown in Fig. 6 . In order to verify the simulation results through an experiment, the break velocity is acquired through the measured curve for the movable contact position of the experiment system introduced in the experiment verification section, as shown in Fig. 7 . As the arc extinction criterion is based on the temperature distribution of the cathode surface, the simulation for the cathode is conducted firstly, and the arc duration is obtained. Then the simulation for the anode is conducted, and the number of the time steps is decided according to the arc duration. 
Thermal field distribution
The thermal field distributions for the evaporation area on the top surfaces of the contacts during the arcing stage are shown in Fig. 9 , and the highest temperature variations with time are shown in Fig. 10 , in which the boiling line corresponds to the boiling temperature of the contact material. After the arc ignites, the temperature on the contact surface quickly rises above the boiling point, and the evaporation erosion begins. The temperature reaches the maximum value in tens of microseconds after the arc ignition. Then the temperature begins to decrease with the decrement of the arc current until the arc extinguishes. The temperature of the cathode is higher than the anode at the same position and time, and the evaporation area of the cathode is bigger than the anode. At about half of the arc duration, the highest temperature of the anode surface falls below the boiling point, and the anode evaporation process terminates. 
Evaporation erosion
The evaporation rate variations with time are shown in Fig. 11 . The evaporation rate firstly increases sharply, and then decreases gradually for both the cathode and the anode. The evaporation rate of the cathode is always higher than the anode. Assume that the evaporation only causes material transfer but no net mass loss. The curves for evaporation mass of single contact and the transfer mass between the contacts are shown in Fig. 12 . The curve for the transfer mass represents the evaporation mass difference between the cathode and the anode. A positive value of the transfer mass means that the material transfer direction is from the cathode to the anode. The total evaporation mass of the cathode during the arcing process is about 4.4 ng, while the evaporation mass of the anode is about 1.7 ng. The transfer mass is always above zero, meaning that the transfer direction remains from the cathode to the anode during the contact breaking process. The transfer mass for a single break operation is 2.7 ng. 
Experiment verification
Experiment work is carried out to verify the simulation results. The sketch for the breaking arc experiment system is shown in Fig. 13 . The mechanical structure accomplishes the contact break-make operation with a bi-stable electromagnet. The contact break velocity can be changed with adjustable power for the bi-stable electromagnet. A contactor is serialized in the circuit shown in Fig. 1 to make sure that there is no arc on make. The movable contact is an anode, and the static contact is a cathode, which is in accordance with the simulation. The contact voltage and current are acquired through an industrial AD card. Four pairs of contacts are used. Mass variations of each pair are measured before and after 15,000 break-make operations. The accuracy of the mass measurement device is 10 µg. Contact voltage waveforms from experiment and simulation are given in Fig. 14 . The experiment result and simulation result show good consistence, which proves the validity of the simplified arc model. The arc duration from the experiment is 0.392 ms, 9.3% shorter than the simulation result. The main reason for the difference between the experiment and the simulation lies on the simplified arc model. The temperature and electrical field strength of the arc column are taken as constant in the model, which are not evenly distributed in the breaking arc. After 15,000 operations, the total mass of four cathodes decreases 210 µg while the anode mass increases 140 µg. The transfer direction is from the cathode to the anode, which is consistent with the simulation result. The mean mass variations for one cathode and anode after a single breaking operation are 3.5 ng and 2.3 ng, respectively. The cathode mass loss is higher than the anode mass gain, which is probably due to the sputter erosion. The transfer mass from the simulation result is 22.9% lower than the cathode mass loss and 17.4% higher than the anode mass gain. The cathode mass loss and anode mass gain are caused by evaporation erosion and material transfer. Even though the evaporation erosion mass for a single contact in the simulation cannot be verified from the experiment directly, the transfer mass proves the correctness of the evaporation erosion model.
Conclusions
The evaporation erosion characteristics during the contact breaking process in a dc 30 V/10 A circuit are investigated. The evaporation rates of both the cathode and the anode increase sharply at the initial period after arc ignition, and then decrease gradually. The cathode evaporation rate is higher than the anode, and the material transfer direction remains from the cathode to the anode until the arc extinguishes. The evaporation erosion model is verified through experiment work. The material transfer direction according to the simulation and experiment is consistent. The transfer mass from the simulation is between the cathode mass loss and anode mass gain.
